The efficient enzymatic conversion of ketopantoyl lactone to d-( -)-pantoyl lactone was found to take place on incubation with washed cells of Candida parapsilosis IFO 0708 or Rhodotorula minuta IFO 0920. They showed high conversion activity when grown with 5% corn steep liquor and 5%glucose, sucrose, maltose or glycerol. Under suitable reaction conditions, the amounts ofD-( -)-pantoyl lactone reached 49.5 g/1 (94.4% e.e.; molar yield, 99%) and 89.9 g/1 (80.4% e.e.\ molar yield, 99%) with cells of R. minuta and C. parapsilosis, respectively.
Microorganisms. All strains were cultures preserved in our laboratory (AKUculture collection).
Media and cultivation.
Medium GC containing 5% glucose and 5% corn steep liquor, pH 6.0, was used.
Cultivations in 5ml of mediumwere carried out in test tubes (16.5x165mm) at 28°C for 48hr with shaking (240 strokes/min).
For large-scale cultivations, three of the above mentioned 5ml cultures were inoculated into 500ml of medium in a 21 shaking flask, followed by Present address: Research Laboratory, Seitetsu Kagaku Co., Kako-gun, Hyogo 675-01, Japan.
incubation for 3 days at 28°C with shaking (120 strokes/ min). When necessary, the cells were harvested by centrifugation (for yeasts) or suction filtration (for molds), washed with the same volume, as that of the broth, of water, and then used as described below.
Reactions.
(/) Growing cell method. To 5ml of a 48hr-culture was added 0.1-0.3ml of the ketopantoyl lactone solution (0.5g/ml), and then the incubation was continued for a further 48 hr at the same temperature. After the reaction, insoluble materials were removed by centrifugation or suction filtration, and the supernatant was analyzed for total pantoyl lactone, the D-(-)-and L-(+)-isomer ratio and remaining ketopantoyl lactone.
(ii) Washed cell method. The cells were separated from the culture broth. The reaction mixture (5 ml), containing yeast cells showing a turbidity level of 30 at 610nm (OD) or 2% wet weight of mold filaments, 5% carbon compound as an energy source and 1-6%ketopantoyl lactone, was shaken in a test tube (16.5x165mm) at 28°C and 240 strokes/min. The reaction time was 48 hr unless otherwise stated. OD 30 corresponded to 15 mg/ml and 10mg/ml dry cells for C. parapsilosis and R. minuta, respectively.
Optimization of the culture and reaction conditions. These experiments were carried out with C. parapsilosis IFO 0708 and R. minuta IFO 0920 throughout. The details are given in the legends to the respective figures and tables.
Analysis ofpantoyl lactone and ketopantoyl lactone. All the pantoates in the supernatant (1.0 ml) were converted to the corresponding lactone forms by adding 1.0ml of 6n HC1 followed by heating at 80°C for 15min. To the lactonized solution was added 1.0 ml of ethyl,acetate, and then the mixture was vigorously shaken for 1 min. The resultant organic layer was analyzed for pantoyl lactone and ketopantoyl lactone by gas liquid chromatography as described previously.4) Unless otherwise stated, we use the terms pantoyl lactone and ketopantoyl lactone for a mixture of pantoyl lactone and pantoic acid, and one of ketopantoyl lactone and ketopantoic acid, respectively, because the analytical method cannot distinguish the lactone forms from the corresponding acid forms. The d-(-)-and L-( +)-pantoyl lactone ratio was determined by means of diastereomer conversion with L-menthyl chloroformate as described previously.40
RESULTS

Reaction system
Comparison of the washed cell and growing cell methods was carried out using R. minuta. The reducing velocity and the yield of pantoyl lactone with the washed cell method were superior to those with the growing cell meth- added, the stereospecificity of the formed pantoyl lactone with the washed cell method was superior to that with the growing cell method.
Survey for an excellent strain for the production of D-( -)-pantoyl lactone by the washed cell method The yields of pantoyl lactone with the washed cell method were determined using the 9 potential strains reported in the previous paper.4) The 5 yeast strains listed in Table I exhibited good reducing ability. The reduction by R. minuta was retarded with an initial concentration of 3% of ketopantoyl lactone. On the other hand, C. parapsilosis IFO The yield ofpantoyl lactone at the optimum pH, 3.5, was 87% with 1%ketopantoyl lactone under the conditions described under Materials and Methods. The reduction scarcely proceeded at pH 6.0. Figure 2 shows the optimum temperature for this reaction. The reduction of ketopantoyl lactone proceeded rapidly at 40°C, but the stereospecificity of the formed pantoyl lactone decreased with increasing reaction temperature. Under higher temperature conditions (50 and 60°C), the reaction proceeded rapidly only in the initial stage, after which the reaction soon stopped due to inactivation of the cells. On the basis of the data as to the reducing velocity and the stereospecificity of the formed pantoyl lactone, we employed 28°C as the optimal reaction temperature.
Since an increase in the initial concentration of the substrate, ketopantoyl lactone, decreased the reducing velocity and resulted in incomplete conversion of the substrate to the product, crystalline ketopantoyl lactone was added in small portions a few times. When1 g each of ketopantoyl lactone was.added, at Reactions were carried out as described under Materials and Methods, except that the energy source Reactions were carried out with 1 % ofketopantoyl lactone as described under Materials and Methods, except that the reaction temperature was changedas indicated. The 94.4% e.e. In the case of C. parapsilosis, when 3g each of ketopantoyl lactone was added, at 24hr-intervals, three times and the reaction was continued for a further 36hr, 99% of the added ketopantoyl lactone was converted to d-(-)-pantoyl lactone with 80.4% e.e. (Fig. 3) . Since a high concentration of ketopantoyl lactone showed such an inhibitory effect and the formed pantoyl lactone was not so inhibitory, the present reaction system in which ketopantoyl lactone is added in small portions a few times to the reaction mixture maybe efficient. Figure 4 shows the proposed mechanism for this reaction. The coenzymein this reaction is NADPH,4'n) and the formed NADP+ might be regenerated to NADPH in cells through the consumption of energy sources such as glucose, fructose and sorbitol, which are all 5 or 6 carbon sugars.
